Objectives: The aim of this study was to investigate for the first time the association between body fat and risk of amyotrophic lateral sclerosis (ALS) with an appropriate prospective study design.
To gain more insight into these questions, we evaluated the associations between prediagnostic anthropometric characteristics and risk of mortality from ALS in the European Prospective Investigation into Cancer and Nutrition (EPIC), 15 a large, prospective European cohort. METHODS Participants. The vast majority of the 152,368 men and 366,040 women aged 35 to 70 years were recruited from the general population residing in defined geographical areas between 1992 and 2002, in 23 centers across 10 Western European countries (Norway, Sweden, Denmark, United Kingdom, Netherlands, Germany, France, Spain, Italy, and Greece). 15 Exceptions were the French cohort (based on women members of the health insurance for state school), the Ragusa (Italy) cohort (based on blood donors and their spouses), the Utrecht (Netherlands) and Florence (Italy) cohorts (based on breast cancer screening participants), and part of the Oxford (UK) cohort (based on vegetarians and vegans). 15 The Norway, France, Naples (Italy), and Utrecht cohorts were restricted to women, whereas all other cohorts involved both sexes.
At recruitment, information on lifestyle and dietary habits was collected through standardized questionnaires. Anthropometric characteristics were measured following standardized protocols with participants in light underwear (Spain, Germany, Denmark, and Florence, Varese, Ragusa, and Naples), in light clothing (Greece, Bilthoven [Netherlands] , and Malmö [Sweden]), or normally dressed without shoes (Turin [Italy], Utrecht, and Umeå [Sweden]), or this information was self-reported (France, UK, and Norway). All measures were corrected for clothing type to minimize systematic error arising from differences across centers. 15 Follow-up for mortality and specific causes of death is conducted actively or through linkage with mortality registries at regional and national levels. 15 To date, follow-up is 98.5% complete. 15 The Norwegian EPIC subcohort (n 5 37,185) was excluded from the present analysis because it did not contribute any ALS cases, given its younger age composition.
Information on subject vital status is collected independently from the causes of death of those deceased: this implies that there is a certain proportion of deaths accrued over the last months of follow-up for which the causes of death are not yet known. To avoid a high proportion of missing data for causes of death, follow-up time was censored according to the proportion of reported causes of death: during each 6-month period, follow-up was censored by center when the cause of death was considered complete. This resulted in censoring follow-up time between June 2005 and June 2009 generating a total of 5,252,239 person-years.
Standard protocol analysis, registrations, and patient consents. The EPIC study was approved by the ethical committee of the International Agency for Research on Cancer and by the ethics committees of each participating center; all participants signed an informed consent.
Measured anthropometric characteristics. Details on the standardized procedures for taking anthropometric measurements in the EPIC study centers were previously described in detail, 16 and will only be summarized here. Weight was measured to the nearest 0.1 kg and height was measured to the nearest 0.1, 0.5, or 1.0 cm depending on the study center. Height was measured for 421,067 individuals (87.5%); weight for 420,355 individuals (87.4%). Height and weight of each participant were used to calculate the BMI as a measure of body fatness, and this was grouped into the standard categories of underweight (BMI ,18.5 kg/m 2 ), normal weight (BMI 18.5 to ,25 kg/m 2 ), overweight (BMI 25 to ,30 kg/m 2 ), and obese (BMI $30 kg/m 2 ).
Waist circumference was measured for 392,490 individuals (81.6%) either at the narrowest torso circumference or at the midpoint between the lower ribs and iliac crest. Hip circumference was measured for 389,744 individuals (81.0%) at the widest circumference or over the buttocks. Weight, waist, and hip measurements were corrected to account for protocol differences among centers in clothing worn by participants during body measurements. 16 The waist and hip circumferences of each participant were used to estimate waist/hip ratio (WHR) as an additional measure of fat distribution.
Self-reported anthropometric characteristics. Self-reported anthropometric measures from the Oxford health-conscious cohort were corrected for expected reporting errors using ageand sex-specific prediction equations. Measured or self-reported height was available for 478,349 individuals (99.4%); BMI was available for 475,201 individuals (99.0%). Similarly, waist circumference was available for 396,440 individuals (82.4%), and hip circumference for 392,921 individuals (81.7%).
In some centers (Varese and Naples, UK, Greece, Potsdam [Germany], Denmark, and Malmö), participants were asked to self-report their weight when they were aged 20 years: BMI at age 20 was therefore available for 112,428 individuals (44.1%). Using this self-reported weight, a measure of average annual weight change was also calculated using the following formula: (weight at recruitment 2 weight at age 20)/(age at recruitment 2 20).
Case ascertainment. ALS cases were defined as those subjects for whom "motor neuron disease" (G12.2 according ICD-10) was reported as an immediate, antecedent, or underlying cause of death (for more details, see reference 17). A total of 222 deaths caused by ALS were recorded during follow-up.
Statistical analysis. Demographic and anthropometric characteristics of the cohort and of the subjects who died of ALS were analyzed. A subgroup analysis excluding centers recruiting women only was conducted; these yielded similar results to those analyses including all centers and therefore we present the latter analyses.
Potential confounders for which we had information included age at recruitment, highest level of education attained (none/primary, technical, secondary, university, undetermined), and a composite smoking variable (never smoker, former smoker $10 years; former smoker ,10 years, current smoker 1-4 cigarettes/d; 5-14 cigarettes/d, 15-24 cigarettes/d, $25 cigarettes/d, undetermined).
Cox hazard models, with age as main time variable were fitted to investigate the associations between anthropometric measures and ALS mortality. Hazard ratio (HR) estimates were derived for the entire sample, and for men and women separately if the p value for the cross-product term of sex with the categorical exposure variable was suggestive of an interaction (p , 0.100), stratified by 1-year categories of age and center of recruitment. The exposure variables considered for this analysis included height, BMI (both in categories and in quartiles of distribution), waist circumference, hip circumference, and WHR. All models were adjusted for potential confounders: highest level of education attained and the composite smoking variable. For each Cox regression analysis, a p value for trend across sexspecific quartiles (or categories) is reported, together with an HR for the continuous measure (in appropriate units).
Two sensitivity analyses were conducted: first, an analysis on measured anthropometry-after excluding the self-reported ones-was conducted; Cox regression models were fitted using date of measurement as entry. Second, models excluding ALS cases arising during the first 3 years of follow-up were run in order to minimize the potential for reverse causation (i.e., anthropometric measures being modified as a consequence of preclinical onset of the disease). The latter was performed for all measures except height, given its stability from adolescence onward. The shape of the dose-response relationships was investigated by fitting restricted spline regression models with 3 knots placed at the 5th, 50th, and 95th percentiles of the anthropometric measurement followed by corresponding likelihood ratio tests comparing the goodness-of-fit of the models with and without the spline terms. 18, 19 RESULTS Characteristics of the cohort participants by BMI categories are described in table 1. A total of 222 ALS deaths (79 men and 143 women) occurred during a mean 13-year (SD 3 years) follow-up period. Underweight men and women were more likely to be current smokers, and more educated individuals had a lower BMI (table 1) .
Overall, the inclusion of smoking and highest level of education attained in Cox regression models did not substantially change the risk estimates; therefore, only the adjusted models are shown. In the Cox regression analyses, height was not significantly associated with ALS (table 2) ; when restricting the analysis to measured height only, results did not change (table 3) .
The p value for heterogeneity of the association of categories of BMI by sex was statistically significant (p 5 0.009). Overall, underweight subjects were at a significantly increased risk of ALS (HR 5 2.79, 95% CI 1.35-5.77) (table 2). Overweight and obese men were at a nonsignificant reduced risk compared with normal-weight men (p value for trend across categories 0.053), with a significant risk reduction increasing BMI Table 1 Demographic and anthropometric characteristics of the cohort according to sex table 3 ). The same pattern was not evident in women among whom the risk significantly increased more than 3-fold for underweight compared with normal-weight women (table 2) . This finding remained significant in both sensitivity analyses. When BMI was analyzed in sexspecific quartiles of distribution, a borderline significant trend across quartiles of reduced risk increasing BMI was evident; this is also reflected in the significant-or borderline significant-reduced risk among subjects in the third and fourth quartile compared with the first. This pattern was replicated in the sensitivity analyses, although it fell short of statistical significance after excluding cases accruing during the first 3 years of follow-up (table 3) . Overall, the spline regression supports the possibility of an increased risk at low BMI comparable in effect across sex (i.e., the effect below 22 kg/m 2 , in figures 1 and 2), which reaches statistical significance in women only, given the higher proportion of women in this category.
The association between waist circumference and ALS was not modified by sex. Overall, a borderline significant reduced risk of ALS per centimeter of waist circumference was observed (HR 5 0.99, 95% CI 0.97-1.00), with subjects in the third quartile at a significant reduced risk compared with those in the first one (table 2). These findings were replicated in sensitivity analyses (table 3) . No significant association with hip circumference was observed (tables 2 and 3).
The analysis of WHR suggests a possible nonsignificant reduction of risk of ALS increasing the WHR, not modified by sex (table 2) . However, in the sensitivity analysis of measured anthropometric characteristics, an interaction with sex was suggested (p 5 0.075) and results were described separately. Among men, no trend or association was observed (tables 2 and 3, figure 2) . Among women, a significant risk reduction increasing the WHR was evident: women in the fourth quartile had a more than halved significant risk of ALS compared with those in the first quartile with a borderline significant p value for trend across quartiles. Analogous results were observed in sensitivity analyses (table 3) . These results are also supported by the spline regression Continued analysis, which showed a linear inverse association between WHR and risk of ALS in women (figure 2). BMI at age 20 years seems to not be associated with ALS. The analysis of weight change suggests that having gained some weight over follow-up time is inversely associated with risk of ALS: those individuals who lost weight between age 20 years and the recruitment in the study were at a nonsignificant increased risk of ALS, whereas those in the second and third tertile of distribution of weight gain showed a nonsignificant decreased risk (table e-1 on the Neurology ® Web site at www.neurology.org).
The potential for reverse causality, i.e., loss of weight as consequence of a prediagnostic phase of the disease, was explored by plotting the age-adjusted means of BMI and WHR among cases and controls according to the number of years of follow-up (figures e-1 and e-2). This showed no clear trend for BMI, but for WHR, if anything, the trend showed a lower WHR in subjects followed up for a longer time (thus whose anthropometric measurements were taken longer before disease onset and mortality). DISCUSSION The present study suggests the presence of a decreased subsequent risk of dying of ALS with increasing measures of body fatness taken at enrollment, in both men and women. Underweight women were at significantly higher risk of dying of ALS compared with those of normal weight, although a decreasing risk with increasing BMI was not found. However, an increasing WHR was associated with a decreasing risk of dying of ALS in women. Although there were not enough underweight men to draw a conclusion on this category, increasing BMI seemed to be associated with a reduced risk of dying of ALS for men. The direction, and often also the significance level, of these results were maintained in sensitivity analyses reducing the potential for misclassification error after excluding individuals with self-reported body measurements, and for reverse causality after excluding cases accrued during the first 3 years of follow-up. Although BMI in early adulthood seems not to be strongly associated with ALS, we found a nonsignificant trend of decreasing ALS mortality with increasing weight gain. The clinical and pathophysiologic meaning of each measurement of adiposity for assessing the risk of disease is currently a matter of debate. 20 BMI has been criticized given its relative high specificity (;97%) but low sensitivity (;42%) in detecting body fat. 21 Conversely, waist circumference and WHR have been proposed as better indicators of abdominal adiposity, [21] [22] [23] which is more closely associated with disease risk and mortality. 24 A previous analysis of the EPIC cohort found that 3 indicators (BMI, waist circumference, and WHR) were all independently associated with mortality from any cause. 25 The association of decreasing risk of ALS with increasing body fat could also be explained by a preclinical alteration of the metabolism not related to smoking. An alteration of energy metabolism has already been observed in patients with ALS leading to weight and body fat loss as disease progresses. 13 This has been attributed to hypermetabolism with increased energy expenditure throughout disease progression. [26] [27] [28] ALS-associated hypermetabolism may be genetically driven because it is higher in patients with genetic forms of the disease. 28 A high metabolism and low body weight have also been observed in SOD1 mice compared with wild type weeks before disease onset. 29 In these mice, the correction of the energy deficit with a high-fat diet delayed disease onset and increased lifespan. 29, 30 Moreover, a few environmental factors, known to modulate disease course, affect metabolism: environmental neurotoxins, strenuous exercise, response to hypoxia, and statins. 30 In a recent report, body weight at 18 years was borderline significantly lower in men who subsequently developed ALS compared with controls, but there are no data reported on BMI. 31 The findings of the present study, the first on anthropometric measures taken before disease onset, are consistent with previous observations from casecontrol studies 14, 32 and with other studies reporting a longer ALS survival with increasing BMI. 33 Inconsistencies in the findings across sexes remain to be explained. Possible explanations are limited power, or a true effect, possibly mediated by sex hormones, or the inconsistencies could reflect the different abilities of anthropometric indices (BMI, WHR) to measure body fat across sexes.
This study has the major advantage of prospectively using anthropometric measures in relation to the subsequent risk of developing ALS, thus ruling out recall bias. However, considering that mortality is used as proxy for incidence, and that underlying pathologic mechanisms might have a role well before disease onset, it might be argued that these findings describe a presymptomatic phase, more than a risk factor for the disease. If this was the case, one would expect, on average, BMI and WHR to decrease with decreasing the numbers of years of follow-up (i.e., decreasing the time lag between anthropometric measurements and ALS death) among ALS cases; however, this could not be observed (figures e-1 and e-2). Also, although underpowered, the analysis of weight change does not support this interpretation, suggesting the presence of a protective role for weight increase (thus, the notion that it is increasing body fat that would confer protection toward ALS, not the other way around). Another drawback of using ALS mortality as proxy for incidence is that at least some of the association observed could be attributable to differential survival across BMI or WHR categories. In fact, a high BMI was shown to significantly increase survival in patients with ALS. 33 However, given that overall the relationship between BMI and ALS survival was described as an inverse U Figure 2 Spline regression curves of waist/hip ratio in relation to amyotrophic lateral sclerosis mortality in men (A) and women (B) shape and that the survival increase was calculated on a period of approximately 12 months, it is unlikely that this substantially biased the reported estimates. Moreover, a sensitivity analysis conducted after removing 85 cases ascertained over the last 3 years of followup shows comparable results (data not shown). Finally, ALS incidence has been approximated with mortality; however, death records have been demonstrated to be a reliable proxy for ascertaining ALS in large population studies. 18, 34 
